O ver the past decade, exciting progress has been made in the field of III−V nanowire solar cell research. 1−7 Advances in large area patterning techniques, most importantly nanoimprint lithography (NIL), 8−10 have opened up for growth of uniform nanowire arrays covering large areas. By exploiting geometry-dependent absorption resonances as predicted by theory, 11, 12 strong optical absorption has been demonstrated in such arrays, where the nanowires cover only ∼10% of the surface. 4, 6, 13, 14 The reduced material consumption potentially gives commercially important cost-savings, especially if combined with the possibility of growth on foreign low-cost substrates, 5, 15 substrate reuse, 16 or substrate-free synthesis techniques. 17, 18 At the same time, relaxed lattice matching requirements in the nanowire geometry 19−22 offers an increased freedom in material combinations to obtain optimized tandem architectures. 23, 24 Improvements in III−V nanowire solar cell performance have been impressive with the current power conversion efficiency (PCE) records at 13.8% and 15.3% for bottom-up synthesized InP 4 and GaAs 6 devices, respectively, and 17.8% for a top-down synthesized InP device. 7 However, to further increase efficiency and make the nanowire solar cell technology competitive with their planar counterparts, a deepened understanding is needed of the link between parameters used for synthesis, material properties, and solar cell performance in these structures. Importantly, nanowire growth is carried out in the kinetically limited growth regime, making it highly sensitive to deviations in growth temperature, substrate preparation, 9, 10 and substrate size. This is especially true for the ternary materials needed to obtain the optimal bandgaps for tandem configurations, 23, 24 where the nanowire geometry might hold its foremost advantages. 1 Further, processing nanowire solar cell arrays into working devices has proven possible but is relatively labor-intensive and slow in a nonautomated research environment. Therefore, to increase speed of optimization, rapid and reliable characterization of parameters relevant to solar cell performance is desired to provide feedback to growth development. Additionally, there is a need for characterization techniques that can be used to separate effects on performance inherent to the as-grown nanowires from effects introduced by the subsequent processing.
In this work, we compare single as-grown nanowire measurements, enabled by a nanoprobe system inside a scanning electron microscope (SEM) with measurements of fully processed nanowire array solar cells (hereafter referred to as "processed solar cells"). The nanoprobe top-contact to the as-grown nanowires on the substrate (Figure 1b ) allows us to obtain single nanowire current−voltage (I−V) data combined with electron beam induced current (EBIC) measurements. Thus, we can quickly screen key properties for solar cell performance without full vertical processing and provide insight in the relationship between growth conditions and material properties. Correlating with processed solar cells deepens our understanding of the interplay between growth parameters, processing conditions and the solar cell PCE. We note that several highly interesting single nanowire measurements with relevance to solar cells have been performed 25−28 but typically include time-consuming and challenging contacting with help of electron beam lithography. In contrast, nanoprobe systems inside an SEM allow for relatively fast contacting and have previously been used to contact single nanowires to study transport characteristics, 29,30 diffusion lengths, 31,32 doping levels, 33 and Esaki diode characteristics. 34 Here, we demonstrate its usefulness on a number of levels in the development of a nanowire solar cell, through a systematic study of the key parameters determining PCE and correlation with processed solar cells from the same growth runs.
We use this approach to characterize InP nanowire solar cells. After the previous report from our group on an InP nanowire solar cell with a PCE of 13.8%, 4 we adopted a new hexagonal nanowire seed particle pattern, optimized for light absorption 12 and homogeneous ternary nanowire growth. 35 Unfortunately, this denser pattern introduced significant challenges retaining pattern fidelity due to seed particle displacement for which a pre-anneal nucleation step was developed. 10 In addition, growth parameters had to be reoptimized for this pattern with respect to nanowire solar cell performance. Here we demonstrate the usefulness of nanoprobe-enabled single nanowire measurements in the development of nanowire solar cells. Specifically, we use EBIC data to optimize the charge carrier collection properties of single nanowires and thereby improve solar cell short-circuit current density (J SC ). Thereafter, we use dark I−V data, both from single nanowires and processed solar cells, to improve recombination characteristics of our device, thereby improving open-circuit voltage (V OC ) and fill-factor (FF). Although single nanowire dark I−V data by use of a nanoprobe can also be obtained, for example, inside an atomic force microscope, 36 we emphasize that a key benefit of using the nanoprobe inside an SEM is the ability to simultaneously monitor both charge carrier collection and recombination characteristics of the single nanowires (via EBIC and dark I−V, respectively), to ensure optimization taking all aspects of device performance into account. The optimization based on feedback from single nanowire measurements result in InP nanowire solar cell PCE improving from below 2% (noncertified measurement) to 15.0% (certified measurement).
The InP nanowires were grown with three segments for all samples studied here (Figure 1a ) with the bottom segment being p-type, the middle segment being nominally intrinsic or lowly p-doped, and the top segment being n-type. Note the use of a long middle segment between the p-and the n-type segments, intended to create a long depletion region where the built-in field enhances carrier collection. The length of each segment was monitored in situ by use of optical reflectance spectroscopy, 37 and the desired lengths were achieved by adjusting the growth time. After growth, the samples were cleaved, glued to a 90°SEM stub by silver paste, and loaded into a Hitachi SU8010 SEM. A nanoprobe system from Kleindiek Nanotechnik with piezoelectronic positioning control was used to form contact between a tungsten nanoprobe and the gold nanoparticle on top of single nanowires (Figure 1b) . In this configuration EBIC and dark I−V characteristics of 4−5 single nanowires on each sample were obtained. Screening a sample in this way takes around 1.5 h, including sample mounting and loading. Additionally, some samples were processed into 1 × 1 mm 2 solar cells ( Figure 1c ) and measured in a commercial solar simulator Oriel Sol1A under AM1.5g-similar solar illumination at 1-sun intensity. Further details on the synthesis and measurement procedures can be found in Methods.
Solar cell PCE is typically calculated from the maximum power point, P mpp , extracted from the light I−V curve. However, it can also be represented as the product of the three parameters J SC , V OC , and FF, which are partly interdependent and must all be optimized with respect to performance. We will start by discussing J SC , which is dependent on both the absorption and carrier collection efficiency. Strong absorption in our dense arrays with optimized nanowire diameter have been confirmed by both modeling and experiments, 12, 13 allowing us to focus here on understanding and optimizing the carrier collection efficiency. We use a series of samples with bottom-, mid-, and top-segment lengths of 400 ± 30, 1000 ± 70, and 80 ± 15 nm, respectively, as measured by optical reflectance 37 with the errors indicating the variation between samples. This gives a total nanowire length of 1500 ± 70 nm, and the small variation in segment and total length ensures that the carrier generation profile in each segment and in total can be considered similar in all samples. While the bottom and top segment are p-and n-doped, respectively, the middle segment is nominally intrinsic (Figure 1a ) in an attempt to have a long absorber region where an electric field enhances carrier collection. All samples were grown with three substrates in the growth run, allowing for both single nanowire and processed solar cell measurements.
As a starting point, we characterized a sample where the bottom segment is lowly p-doped (χ DEZn = 0.59 × 10 ), whereas the middle segment is nominally intrinsic. EBIC profiles of all measured nanowires on this sample are plotted with red in Figure 2a . We observe the peak of the EBIC profile, indicating the junction position, at the p−i interface. Because the optical generation rate is strongest close to the top of the nanowire, 38 such a deep junction will lead to poor carrier collection. This is confirmed by I−V curves from the processed solar cells under 1 sun illumination ( Figure 2c , red line), where J SC falls in the range of only 4−8 mA/cm 2 and the PCE is below 2%. A junction position at the p−i interface shows that the nominally intrinsic InP nanowire segments are in fact ntype, in accordance with literature on nominally intrinsic bulk InP. 39 Depending on growth conditions for bulk InP, the ntype background doping has been related to P In -antisites (Prich growth conditions) 40, 41 and P-vacancies (P-poor growth conditions). 39, 42 In an attempt to determine which native defect is dominating in our case, and to compensate it, we varied the PH 3 flow between runs. Upon decreasing the PH 3 flow to χ PH3 = 0.35 × 10 −2 from the reference level (χ PH3 = 0.69 × 10 −2 ) we observe that the shape of the EBIC profile is largely unchanged (not shown in the figure), while increasing the PH 3 ( Figure 2a , blue line) leads to a significant change in the EBIC profile shape. From a Gaussian-like profile shape indicating a fairly abrupt junction for low PH 3 flows, an evolution toward a flatter profile is seen for increasing PH 3 flows. This indicates that nonintentional doping via P-vacancies is reduced using higher PH 3 flows, which we speculate results in the development of a longer, more well-defined depletion region between the intentionally grown n-and p-type segments which enhances carrier collection throughout this region. As a second strategy to improve the EBIC profile, we introduced DEZn during growth of the middle segment to compensate for the n-type background doping ( Figure 2b ) for samples grown with χ PH3 = 0.69 × 10 −2 (reference level in PH 3 - variation experiment). We see that even the lowest molar fraction of DEZn tested, χ DEZn = 0.5 × 10 −7 (green line), gives a significant improvement of the EBIC profile, while a further increase to χ DEZn = 1.0 × 10 −7 (not shown) and χ DEZn = 2.1 × 10 −7 (blue line) gives no significant further improvement. Again, we attribute the flat EBIC profile to a lowering of the effective doping in the middle segment toward more intrinsic levels, making depletion of this segment possible, and hence introducing a drift field which improves carrier collection efficiency.
Looking at the one-sun I−V curves (Figure 2c,d ) of processed solar cells for the samples grown with different PH 3 flows and different DEZn flows in the middle segment, we see that the improved carrier collection as indicated by the EBIC profiles correlates with a significant improvement of J SC for both series. Note that the improvement in J SC is significant despite the occurrence of a kink in the I−V curve between approximately −0.5 and 0.5 V, which reduces the device performance. This "s-shaped" I−V curve behavior will be discussed further later in this paper. For now we consider the current density at −1 V as the potentially achievable short circuit current density, J SC,pot , for these nanowires, and observe that the adjustments to the growth procedure has improved J SC,pot from ∼5−10 to ∼25 mA/cm 2 .
As a next step, we aim for improving the V OC and FF in our devices. Theoretically, the V OC is given by
where n is the ideality factor of the diode, k is the Boltzmann constant, T is the temperature, e is the elementary charge, and J 0 is the dark saturation current density. The key parameter determining the V OC is J 0 , which can vary by orders of magnitude depending on the recombination characteristics of the device. A general expression for the FF cannot be derived from basic theory, but as a benchmark in our discussion we will assume an empirical expression found for Si solar cells
where v OC is a normalized open circuit voltage, v OC = V OC / (nkT/e). For a given V OC , we find from eq 2 that the achievable FF is reduced for increasing values of n. Parasitic resistances typically reduce the FF compared to the maximum achievable value given in eq 2.
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From eqs 1 and 2, we identify that J 0 and n are key parameters to improve V OC and FF in our devices. These parameters are typically extracted by fitting the exponential region of the solar cell I−V measured in the dark to the diode equation
Again, the nanoprobe proves useful because it can be used to quickly obtain I−V characteristics from the single nanowires, allowing assessment of the as-grown diode quality and recombination characteristics. As an example, dark I−V characteristics of nanowires from three different samples are plotted in Figure 3a , together with fits to the diode equation (eq 3). The three samples were grown with different DEZn flow in the bottom segment, to illustrate how changes in diode quality can be efficiently screened for varying growth conditions. In Figure 3b , the extracted average J 0 and n values for these three samples are plotted together with samples using an additional two DEZn flows. during growth of the bottom segment, the shape of the EBIC profile remains largely unchanged as a Gaussian-like peak, while the peak position is pushed somewhat higher in the nanowire (see Supporting Information). However, for χ DEZn > 4.6 × 10
we observe an improvement of the EBIC profile similar to intentionally introducing a low flow of DEZn in the middle segment (Figure 2b ). We ascribe this to a carry-over effect of Zn, where an overpressure of Zn lingers after the DEZn flow is switched off, from excess Zn stored in the gold seed particle and elsewhere in the reactor interior.
32,44 An interesting question at this point is how well the as-grown single nanowire dark I−V characteristics translate to a processed solar cell. In Figure 4a , we plot an example of dark I−V curves for processed solar cells (blue filled circles) and for single nanowires (red open squares) from the same growth run, where the single nanowire current densities have been scaled by the areal nanowire density of 4.65 × 10 8 nanowires/cm 2 . The exponential regions of the processed solar cells and the single nanowires are remarkably similar, strongly indicating that the solar cell dark I−V characteristics in these devices are dominated by the as-grown nanowire performance in this region. This confirms the excellent uniformity of the single nanowires in our arrays. At forward bias, however, the subexponential behavior due to series resistance is seen at higher currents in the single nanowires than in the processed solar cells, which we ascribe to a superior contact quality of the probe−gold−nanowire as compared to the ITO−nanowire contact. To illustrate how the processed solar cell vs single nanowire comparison might vary between different samples, we return to the three samples grown with different DEZn flow in the middle segment (Figure 2b,d) . In Figure 4b , we plot the extracted dark I−V parameters for both single nanowires and processed solar cells. We find an overlap of the ranges of extracted J 0 values for the single nanowires and the processed solar cells (indicated by error bars in Figure 4b ) with deviation between average-values less than a factor of 3. For the extracted n values, a similar overlap is present for two of the samples, where the average-values deviate less than 6%. However, for the sample with no DEZn during growth of the middle segment, there is no overlap in the range of extracted values, and a deviation from 2.2 to about 3.5 in the average n measured for the as-grown single nanowires and processed solar cells, respectively. We have observed this also for some other samples, where the processed solar cell n is typically higher than 3 (much higher than for the single nanowire). We ascribe this to device characteristics dominated by a poor nanowire−ITO contact.
Looking at the extracted single nanowire parameters in Figure 4b , a striking feature is the small variation in the dark I− V parameters between the different samples. Comparing Figure  4b with Figure 2b , this small variation in J 0 and n between samples is strongly contrasting the large shift in the EBIC profiles when using higher DEZn flow in the middle segment. We have observed relatively constant dark I−V characteristics also when varying other growth parameters, such as the PH 3 flow (in the range of flows shown in Figure 2a , see Figure 3b) . The values for J 0 and n for all tested variations are limited downward to ∼2 × 10 −5 mA/cm 2 and ∼1.9, respectively. We conclude that while varying the growth parameters can have a strong influence on the carrier collection properties of the device, any influence on the diode recombination characteristics in our devices is masked by another dominating factor.
A likely factor affecting diode recombination characteristics is the nanowire surface. Several studies, both theoretical 45−47 and experimental, 3, 6, 27 have shown that the surface can have a detrimental impact on nanowire solar cell performance. We would like to point out that using the term surface recombination as commonly used for planar solar cells, that is, recombination at the front surface, is not suitable for our devices. Rather, in the axial junction configuration 1 used here we are concerned with a large surface area (the nanowire sidewalls) intersecting the active regions of the device. Recombination at such a surface is in bulk devices referred to as perimeter recombination, and the resulting recombination current density have a dependence on the perimeter to cell area ratio (p/A). 48, 49 In our devices, we have an extremely high p/A of about 200 000 cm −1 . As a comparison, perimeter recombination have been reported to dominate planar Ga 0.5 In 0.5 P solar cell recombination characteristics for p/A ≥ 40 cm −1 . 50 We consistently find n-values close to 2 ( Figure 3 No suitable high bandgap lattice matched III−V material exists to provide epitaxial passivation of InP, such as InGaP 3, 27 and AlGaAs 6 used to passivate GaAs nanowires. However, a recent study by Black et al. 54 has shown how an oxide deposited on the surface by atomic layer deposition (ALD) can significantly enhance the photoluminescence lifetime and internal quantum yield of InP nanowires. With this in mind, we look to the processing scheme we use to fabricate our nanowire solar cells, where the first step is the deposition of a SiO x layer to protect and avoid shortening of the junction. To test whether the deposition procedure of this oxide could potentially change the device performance, we compare two different standard oxides deposited in our lab. These oxides will hereafter be referred to as Oxide 1 and 2, and we note that all samples presented earlier in this paper were processed using Oxide 1 (for further detail on the oxides and deposition procedures, see Methods). For the comparison, we deposited the oxides on samples grown in the same growth run, with bottom segment grown with χ DEZn = 1.11 × 10 −5
, middle segment grown with χ DEZn = 0.5 × 10 −7 , and segment lengths of 700, 1500, and 70 nm for bottom, middle and top, respectively. In Figure 5a , extracted J 0 and n values are plotted for the asgrown single nanowires, and the processed solar cells using Oxide 1 and Oxide 2. While the deposition of Oxide 1 does not alter the dark I−V characteristics significantly from the asgrown nanowires (in agreement with results presented in Figure 4 ), Oxide 2 lowers the average J 0 from 4.6 × 10 −5 to 9 × 10 −7 mA/cm 2 and the average n from 1.91 to 1.48.
In Figure 5b , the light I−V characteristics of the solar cells processed with Oxide 1 (green lines) and Oxide 2 (purple lines) is shown. A clear improvement in both V OC and FF is observed when going from Oxide 1 to Oxide 2. To better understand this improvement and how it relates to the improvement in the dark I−V characteristics (Figure 5a) , it is instructive to compare the measured V OC and FF values to the ones calculated from eq 1 and 2, using J 0 and n from fits to the processed solar cell dark I−V curves. To understand these discrepancies, we look at the key assumption made in our use of eq 1 and 2: the recombination characteristics of the device are the same under illumination as in the dark. Then we can use the parameters from the dark I−V curve (J 0 and n) to calculate light I−V parameters (V OC and FF). In other words, we have assumed that the superposition principle holds, thus we find the light I−V characteristics by adding J SC to the dark I−V characteristics, J L (V) = J D (V) + J SC . While this approximation is most often valid, cases of deviation from the superposition principle are known, for example, for planar Si, 55 CIGS 56 and CdTe 57 solar cells. For nanowire solar cells, a recent modeling study from Chen et al. found that a poor nanowire sidewall surface can give a much higher recombination rate under illumination than in the dark, leading to a breakdown of the superposition principle. 58 We speculate that similar effects might play out in our devices processed using Oxide 1 (Figure 2c,d and Figure 5b) . Contrasting the cells with Oxide 1, the V OC values for cells with Oxide 2 (purple diamonds) fall well on the diagonal line in Figure 5c , implying a surface improvement sufficient to establish validity of the superposition principle. The FF values for Oxide 2 in Figure 5d being a little lower (on average 0.07) than the calculated maximum achievable value is ascribed to the fairly high series resistance in our devices (Figure 4a) , and possibly to the empirical expression derived for Si solar cells (eq 2) not being entirely valid for our InP nanowire solar cells.
Additional to mitigation of excess recombination under illumination, part of the enhanced performance is reflected in the improved dark I−V characteristics (Figure 5a ). However, for the V OC both J 0 and n are lowered when going from Oxide 1 to 2. The new values result in only a minor improvement in the calculated V OC values between the cells with Oxide 1 and Oxide 2 (as indicated by the small shift in x-direction in Figure 5c , between green squares and purple diamonds). The lowering of n however, has a significant effect on the calculated FF as shown equivalently in Figure 5d .
The improvement in dark and light I−V characteristics ( Figure 5 ) when using Oxide 2 instead of Oxide 1 indicates a passivation effect of the sidewall surface. Determining the mechanism behind is beyond the scope of our current study, but we note that Oxide 2 uses TMA as one of the precursors (see Methods for deposition conditions), which has been ascribed to give a "self-cleaning" effect of planar III−V semiconductor surfaces. 59−61 Another possible contributing factor is effects of the surface oxide on device performance through charge transfer and field-effects, which can be especially significant in large surface-to-volume ratio structures like nanowires. 62 We believe that there is potential to further optimize the passivating oxide, and hence the nanowire solar cell performance. The nanoprobe measurements will be useful in the development of surface passivation, either by in situ or ex situ methods. Ex situ passivation would likely require some processing to provide access to contact the nanowires by the nanoprobe. We note that, as the perimeter becomes less dominant due to improved passivation, also recombination in other parts of the diode will become influential, and one will likely need more sophisticated analysis of the dark I−V curve than the simple single diode model (eq 3) used here.
The best cell from Figure 5 has further been measured at Fraunhofer ISE CalLab PV Cells. Initially the cell's external quantum efficiency was measured and used for the spectral mismatch correction of the sun simulator. At the sun simulator the cell operated at V OC conditions under illumination for approximately 30 min and afterward was held at P mpp for another 90 min. A relative increase in maximum power of 3.9% was observed within this period. A stabilized I−V curve measurement was then performed which resulted in AM1.5g I− V parameters of J SC = 26.64 mA/cm 2 , V OC = 729.9 mV, FF = 77.04%, and a PCE of 15.0% (J SC and PCE refer to designated cell area excluding the busbar). This PCE is the highest reported value for a bottom-up synthesized InP nanowire solar cell, while the J SC is the highest reported value for a bottom-up synthesized nanowire solar cell regardless of material.
Lastly, we note how the nanoprobe inside the SEM will be a powerful tool to reveal and quantify effects of a number of poor performing nanowires which might limit the overall solar cell performance in an inhomogeneous array of nanowires, as discussed by Mikulik et al. 36 However, in our arrays we observe an excellent uniformity between individual nanowires both in terms of length and diameter (Figure 1b) , EBIC characteristics (Figure 2a,b) , and dark I−V characteristics (Figures 3b and 4) . We ascribe the uniformity to the high pattern fidelity in our hexagonal nanowire arrays, 10 ensuring all nanowires to experience similar growth conditions.
In conclusion, we have shown how the use of a nanoprobe to contact single nanowires inside a SEM can be of value to nanowire solar cell development in a number of ways. First, it can efficiently provide direct feedback on carrier collection and recombination properties of the as-grown nanowires to more quickly optimize the material properties and understand its relation to the growth conditions. Second, by correlating these results with performance of fully processed nanowire array solar cells, we can better understand the effects of processing on the nanowire solar cell performance. We have utilized this technique to improve the J SC , V OC , and FF of our devices, resulting in a more than 7-fold improvement in solar cell PCE, from less than 2% (Figure 2c ,d, red curves, noncertified) to 15.0% (certified by Fraunhofer ISE).
We believe that the use of single nanowire measurements as described here holds great potential in accelerating the development toward high performing nanowire solar cells, also in more complex tandem geometries, as well as other nanowire devices such as photodetectors, light emitting diodes, and lasers.
Methods. Nanowire Growth. The InP nanowires studied were grown from arrays of Au seed particles (discs of 0.19 μm diameter, 0.06 μm height, in a hexagonal array of 0.50 μm pitch) placed on full 2 in. InP/Zn (111)B wafers by nanoimprint lithography, as described previously. 10 The wafer was split into smaller pieces of approximately 1 × 1 cm 2 and the desired number of pieces were loaded into a laminar flow metalorganic vapor phase epitaxy (MOVPE) reactor (Aixtron 200/4), using a working pressure of 100 mbar, hydrogen (H 2 ) as a carrier gas, and a total gas flow of 13 L/min. After a preanneal nucleation step to improve pattern preservation, 10 the sample was annealed at 550°C under a phosphine (PH 3 )/ H 2 mixture, and cooled down to the growth temperature of 440°C. Then, nanowire growth was initiated by adding trimethylindium (TMIn), diethylzinc (DEZn), and hydrogen chloride (HCl) to the gas mixture. The molar fraction of HCl used to suppress radial growth 63 was χ HCl = 4.6 × 10 throughout the nanowire for all samples, whereas the TMIn molar fraction was χ TMIn = 5.9 × 10 −5 for the bottom and top segments, and χ TMIn = 7.4 × 10 −5 for the middle segment. The PH 3 flow was kept constant throughout the nanowire at a flow of χ PH3 = 0.69 × 10 between different samples. The middle segment was grown nominally intrinsic or lowly p-doped, χ DEZn varied from 0 to 2.1 × 10 −7 between different samples. The top n-segment was doped with tetraethyltin (TESn), grown with χ TESn = 4.3 × 10 −5 for all samples. Single Nanowire Measurements. All measurements shown here were taken at room temperature with currents and voltages measured by a Keithley 2635B sourcemeter, and EBIC taken at a beam accelerating voltage of 5 kV and a beam current in the range of tens of pA (from reference measurements by a Faraday cup). These beam settings ensure full excitation volume 64 within the single nanowire, and give EBIC levels on the order of 1 × 10 −10 A, comparable to current levels in a single nanowire in our array under one sun illumination (∼5 × 10 −11 A). Solar Cell Processing. The solar cells were processed similarly as in ref 6 with top contact made using indium tin oxide (ITO) with Ti/Au busbars.
Oxide 1 is a SiO x deposited in a Veeco/CNT Fiji ALD chamber, at 250°C and using bis(diethylamino)silane (BDEAS) and O 2 -plasma chemistry. At a pressure of 1 mTorr, 750 cycles were performed where each cycle consisted of 1.25 s of BDEAS. Carrier gas flow was 40 sccm of Ar and plasma gas flow 60 sccm of O 2 . This resulted in a 0.07 μm thick oxide on the nanowires as measured by SEM.
Oxide 2 is deposited in a Veeco/CNT Savannah ALD chamber, at 255°C and using a trimethylaluminum (TMAl)/ tris(tert-butoxy)silanol (TTBS) chemistry, reported to give a SiO x film with low Al content (<1 at. %). 65 Using N 2 as a carrier gas and a base pressure of approximately 80 mTorr, 18 deposition cycles were performed where each cycle consisted of one 0.06 s pulse of TMAl, followed by three 3 s pulses of TTBS. This resulted in a 0.04 μm thick oxide on the nanowires as measured by SEM. 
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